Transient receptor potential melastatin-3 (TRPM3) is a broadly expressed Ca 2+ -permeable nonselective cation channel. Previous work has demonstrated robust activation of TRPM3 by the neuroactive steroid pregnenolone sulfate (PS), but its in vivo gating mechanisms and functions remained poorly understood. Here, we provide evidence that TRPM3 functions as a chemo-and thermosensor in the somatosensory system. TRPM3 is molecularly and functionally expressed in a large subset of small-diameter sensory neurons from dorsal root and trigeminal ganglia, and mediates the aversive and nocifensive behavioral responses to PS. Moreover, we demonstrate that TRPM3 is steeply activated by heating and underlies heat sensitivity in a subset of sensory neurons. TRPM3-deficient mice exhibited clear deficits in their avoidance responses to noxious heat and in the development of inflammatory heat hyperalgesia. These experiments reveal an unanticipated role for TRPM3 as a thermosensitive nociceptor channel implicated in the detection of noxious heat.
SUMMARY
Transient receptor potential melastatin-3 (TRPM3) is a broadly expressed Ca 2+ -permeable nonselective cation channel. Previous work has demonstrated robust activation of TRPM3 by the neuroactive steroid pregnenolone sulfate (PS), but its in vivo gating mechanisms and functions remained poorly understood. Here, we provide evidence that TRPM3 functions as a chemo-and thermosensor in the somatosensory system. TRPM3 is molecularly and functionally expressed in a large subset of small-diameter sensory neurons from dorsal root and trigeminal ganglia, and mediates the aversive and nocifensive behavioral responses to PS. Moreover, we demonstrate that TRPM3 is steeply activated by heating and underlies heat sensitivity in a subset of sensory neurons. TRPM3-deficient mice exhibited clear deficits in their avoidance responses to noxious heat and in the development of inflammatory heat hyperalgesia. These experiments reveal an unanticipated role for TRPM3 as a thermosensitive nociceptor channel implicated in the detection of noxious heat.
INTRODUCTION
The detection and rapid avoidance of noxious thermal stimuli is crucial for survival (Basbaum et al., 2009) . Both painful and innocuous thermal stimuli are conveyed by primary afferent sensory neurons that innervate skin and mouth and have their cell bodies in the trigeminal (TG) and dorsal root ganglia (DRG) (Basbaum et al., 2009; Caterina, 2007) . Accumulating evidence indicates that the detection of thermal stimuli in mammals strongly depends on the activation of temperature-sensitive nonselective cation channels of the TRP superfamily (Bandell et al., 2007; Basbaum et al., 2009; Caterina, 2007; Talavera et al., 2008) . TRPM8 and TRPA1 were shown to be activated by cooling (McKemy et al., 2002; Peier et al., 2002a; Story et al., 2003) and to mediate cold responses in TG and DRG neurons (Bautista et al., 2007; Colburn et al., 2007; Dhaka et al., 2007; Karashima et al., 2009) . Consequently, knockout mice lacking either TRPM8 or TRPA1 exhibit specific behavioral deficits in response to cold stimuli (Bautista et al., 2007; Colburn et al., 2007; Dhaka et al., 2007; Kwan et al., 2006; Nilius and Voets, 2007) , although the involvement of TRPA1 in cold sensing in vivo remains a matter of debate (Bautista et al., 2006; Karashima et al., 2009; Knowlton et al., 2010; Kwan et al., 2006) . Oppositely, four members of the TRPV subfamily, TRPV1-4, are activated upon heating (Caterina et al., 1997 (Caterina et al., , 1999 Chung et al., 2003; Gü ler et al., 2002; Peier et al., 2002b; Smith et al., 2002; Watanabe et al., 2002; Xu et al., 2002) . TRPV1, a heat and capsaicin sensor expressed in nociceptor neurons is involved in detecting heat-evoked pain, particularly in inflamed tissue (Caterina et al., 1997 (Caterina et al., , 2000 Davis et al., 2000; Tominaga et al., 1998) . The related TRPV3 and TRPV4 are strongly expressed in skin keratinocytes, and have been mainly implicated in sensing innocuously warm temperatures (Chung et al., 2003 (Chung et al., , 2004 Lee et al., 2005; Moqrich et al., 2005; Peier et al., 2002b; Smith et al., 2002; Xu et al., 2002) . TRPV2 is activated by extreme heat (>50 C) (Caterina et al., 1999) , and has been considered as a potential molecular candidate to explain the activation of TRPV1-deficient sensory neurons at temperatures above $50 C, as well as the residual nocifensive response to noxious heat stimuli in TRPV1-deficient mice (Caterina et al., 2000) . However, it remains to be established whether TRPV2 functions as a thermosensor in vivo, as deficits in detecting noxious heat have not yet been described for TRPV2-deficient mice. Moreover, it has been clearly demonstrated that a large fraction of heat-sensitive nociceptors lack expression of both TRPV1 and TRPV2 (Woodbury et al., 2004) . Thus, the molecular basis of TRPV1-independent noxious heat sensing in the somatosensory system is currently unknown (Basbaum et al., 2009) .
TRPM3 is a member of the melastatin subfamily of TRP channels with limited homology to the heat-sensitive TRPV channels. It is expressed in a variety of neuronal and nonneuronal tissue (Grimm et al., 2003; Lee et al., 2003; Oberwinkler and Philipp, 2007) . The TRPM3 gene encodes for different TRPM3 isoforms due to alternative splicing and exon usage, leading to channels with divergent pore and gating properties (Oberwinkler et al., 2005) . The neurosteroid pregnenolone sulfate (PS) is currently the most potent known activator of TRPM3 (in casu, the a2 isoform [Wagner et al., 2008] ), and PS-induced activation of TRPM3-like currents has been linked to vascular smooth muscle contraction and Ca 2+ -induced insulin release from pancreatic islets in vitro (Naylor et al., 2010; Wagner et al., 2008) . However, it is currently unclear whether PS-induced gating of TRPM3 is occurring in vivo, and the physiological roles of the channel remain largely unclear . Previous studies demonstrating expression of TRPM3-encoding mRNA in sensory neurons (Lechner et al., 2009; Nealen et al., 2003; Staaf et al., 2010) , and PS-induced pain responses in mice (Ueda et al., 2001 ) encouraged us to investigate the possible role of TRPM3 in somatosensation and nociception. In this study, we found that TRPM3 is functionally expressed in a large subset of sensory neurons from the dorsal root and trigeminal ganglia (DRG and TG), and accounts for the majority of PS responses in these cells. Intraplantar injection of PS evokes nocifensive responses in wild-type mice but not in Trpm3 À/À mice, indicating that TRPM3 activation provokes pain. Moreover, we discovered that TRPM3 is activated by heat. Consequently, TRPM3-deficient mice exhibit clear deficits in their avoidance response to noxious heat, but not to noxious cold or mechanical stimuli. TRPM3-deficient mice also failed to develop heat hyperalgesia following an inflammatory challenge. Our results provide evidence that TRPM3 plays a previously unanticipated role in heat sensation and nociception.
RESULTS

TRPM3 Is Molecularly and Functionally Expressed in Somatosensory Neurons
Using quantitative real time-PCR on freshly isolated mouse DRG and TG, we detected TRPM3 mRNA at levels comparable to that (B) In situ hybridization using specific antisense RNA probes for detection of TRPM3 and TRPV1 mRNA in tissue sections of DRG (upper panels) and TG (lower panels). Sense probes did not reveal any specific staining (see Figure S1 ). Scale bar represents 100 mm. of known somatosensory TRP channels TRPA1, TRPM8, TRPV1, and TRPV2, and higher than that of the heat-activated TRPV3 and TRPV4 ( Figure 1A ). These results are in line with earlier studies showing significant TRPM3 mRNA levels in sensory neurons (Lechner et al., 2009; Nealen et al., 2003; Staaf et al., 2010) . In situ hybridization using a TRPM3-specific antisense RNA probe yielded a strong signal in the cell bodies of a large fraction of DRG and TG neurons, comparable to the signals obtained with a TRPV1-specific antisense RNA probe ( Figure 1B and see Figure S1 available online). Visual inspection of different sections revealed a positive TRPM3 hybridization signal in 78% ± 6% of DRG neurons and 82% ± 5% TG neurons. Taken together, these data indicate the abundant presence of TRPM3 mRNA in sensory neurons.
To examine functional expression and in vivo function of TRPM3 in the somatosensory system, we made use of a functionally uncharacterized TRPM3-deficient mouse strain (Figure S2) . Western blot analysis demonstrated TRPM3 protein expression in DRG and TG tissue from Trpm3 +/+ but not from Trpm3 À/À mice ( Figure 1C ). Trpm3 À/À mice were viable, fertile, and exhibited no obvious differences from Trpm3 +/+ controls in terms of general appearance, gross anatomy, body weight (at 10 weeks: 24.9 ± 0.9 g in Trpm3 +/+ and 27.0 ± 0.9 g in Trpm3 Previous work revealed that the mouse TRPM3a2 isoform is rapidly and reversibly activated by low micromolar concentrations of the neurosteroid PS, and that PS is not acting on several other TRP channels expressed in DRG or TG neurons, including TRPV1, TRPV2, TRPA1, or TRPM8 ( Figure 4A and data not shown; see also Chen and Wu, 2004; Wagner et al., 2008) . We therefore used PS to test for functional TRPM3 expression in freshly isolated DRG and TG neurons. PS evoked robust and reversible calcium signals in 58% of DRG (n = 303) ( Figure 2A ) and 57% of TG neurons (n = 273) isolated from Trpm3 +/+ mice ( Figures 2A, 2C , 2D, and S3). PS responses, like capsaicin responses (Caterina et al., 2000; Davis et al., 2000) , were restricted to small-diameter cells (diameter <25 mm; Figure 3 ), known to include unmyelinated nociceptors neurons. Importantly, the fraction of PS-sensitive neurons was drastically decreased in DRG and TG preparations from Trpm3 À/À mice (Figures 2B-2D and S3), whereas the fractions that responded to the TRPA1 agonist MO or the TRPV1-agonist capsaicin were not changed ( Figures 2C and 2D ). Conversely, responses to PS were conserved in DRG and TG neurons obtained from Figures S4A-S4E) . In some experiments, we also stimulated sensory neurons with nifedipine (10 mM), a drug that has been described as an agonist of both TRPA1 (EC 50 = 0.4 mM; Fajardo Figure 2H -2J), in agreement with the characteristics of heterologously expressed TRPM3a2 channels (Oberwinkler et al., 2005; Wagner et al., 2008) . Taken together, these data demonstrate that TRPM3 is functionally expressed in a large fraction of DRG and TG neurons and is the major receptor for PS in these cells. and 4B and Movie S1). Importantly, Trpm3 À/À mice completely lacked this nocifensive response to PS, whereas injection of the TRPV1-agonist capsaicin evoked the normal nocifensive behavior (Caterina et al., 2000; Figures 4A and 4B To evaluate the contribution of TRPM3 to trigeminal nociception, we used an aversive drinking test (Caterina et al., 2000) . Over a period of 3 days, mice were allowed to drink from a bottle of water for only 1 hr/day. On the fourth day, this solution was supplemented with PS (750 mM). In Trpm3 +/+ mice, this evoked a modest but significant aversion, as evidenced by a 30% reduction in consumed water volume ( Figure 4C ). In contrast Trpm3
PS-Induced Activation of TRPM3 Evokes Pain
mice showed no aversive response and drank at the previous day's rate ( Figure 4C ). Taken together, our results show that TRPM3 is functionally expressed in the somatosensory system and mediates the nociceptive effect of PS.
TRPM3 Is Activated by Heat
Whereas these data clearly demonstrate that activation of TRPM3 by exogenous PS can evoke pain, it is unclear whether endogenous PS concentrations in the sensory system can ever reach levels that are sufficient to activate TRPM3 in vivo Wagner et al., 2008) . We therefore hypothesized that other physiologically relevant stimuli may cause pain through activation of TRPM3. Given that several closely related TRPM channels (TRPM8, TRPM4 also responded to capsaicin but not to PS ( Figure 5B ). Repetitive applications of an identical heat stimulus resulted in partly desensitizing responses, similar to what we observed with repetitive PS stimuli ( Figure S6 ). Thermal sensitivity was confirmed in whole-cell patch-clamp recordings of TRPM3-expressing HEK cells, showing marked and reversible activation of a strongly outwardly rectifying current upon heating ( Figures 5C-5F ).
From the average temperature-induced increase in inward current at À80 mV ( Figure 5F , inset) we calculated a 10-degree temperature coefficient (Q 10 ) value of 7.2. We have previously shown that thermal activation of other TRP channels, including the cold-activated TRPM8 and TRPA1 and the heat-activated TRPV1, TRPM4, and TRPM5, involves a shift of the voltage dependence of channel activation and can be approximated by a two-state model (Karashima et al., 2009 ; Talavera et al., 2005; Voets et al., 2004) . Detailed analysis of whole-cell currents at different voltages and temperatures revealed that thermal activation of TRPM3 can also be described using this twostate formalism ( Figures S7A-S7C ). The derived values for the enthalpy and entropy associated with opening of TRPM3 were $30% lower than those determined for TRPV1 ( Figure S7C ). Following this analysis, the currenttemperature relation of inward TRPM3 current at À80 mV is shifted toward higher temperatures compared to TRPV1 (Figure S7D ), and exhibits a lower steepness as reflected in maximal Q 10 values between 20 and 30 C of 7.5 for TRPM3 versus 16.8 for TRPV1.
Previous work on other thermosensitive TRP channels has shown synergistic effects between chemical agonists and thermal stimuli. For example, menthol responses of the coldactivated TRPM8 are potentiated at low temperatures, and nonactivating proton concentrations sensitize TRPV1 for heat activation (McKemy et al., 2002; Peier et al., 2002a; Tominaga et al., 1998) . We observed a similar synergism of heat and PS on TRPM3. Using a 96-well plate-based assay to determine temperature-dependent Ca 2+ -responses (Reubish et al., 2009) , we found that PS at 10 mM shifted the thermal response profile of TRPM3-expressing cells to lower temperatures by 6.1 ± 0.4 degrees ( Figure 6A ). Conversely, we found that increasing the temperature from room temperature to 37 C strongly potentiated PS responses ( Figures 6B and 6C) . Interestingly, PS concentrations as low as 100 nM, which are subthreshold at room temperature, evoked robust responses at 37 C ( Figures  6B and 6C) . The synergism between heat and PS was further confirmed in whole-cell current measurements, where the current response to a low dose of PS (5 mM) was strongly potentiated at higher temperatures ( Figures 6D-6F ). Taken together, these data demonstrate that heterologously expressed TRPM3 functions as a heat-activated channel, capable of integrating chemical and thermal stimuli.
TRPM3 Contributes to Heat Sensitivity in DRG and TG Neurons
To analyze the possible contribution of TRPM3 to heat sensitivity in DRG and TG neurons, we used Ca 2+ imaging to probe for heat responses in sensory neurons from Trpm3 +/+ and Trpm3 À/À mice and to correlate heat responsiveness with sensitivity to PS and capsaicin ( Figure 7A ). In line with earlier work (Fischbach et al., 2007; Woodbury et al., 2004) , we found that the large majority of sensory neurons from Trpm3 +/+ mice showed heat sensitivity, with 82% of DRG neurons (111/135) and 79% of TG neurons (126/159) responding to a 43 C heat stimulus. The heat-sensitive population could be further classified in four groups based on PS and capsaicin sensitivity. The largest fraction of heat-positive Trpm3 +/+ DRG neurons (59/135; 43%) responded to both PS and capsaicin. In addition, 33% of the heat-sensitive neurons responded to PS but not to capsaicin (45/135), and 3% responded to capsaicin but not to PS (4/135). Finally, 3 out of 135 (2%) were insensitive to both capsaicin and PS ( Figure 7C ). The responsiveness to heat was not different when the thermal stimulus was applied prior to the chemical agonists (data not shown). A similar response profile was obtained in Trpm3 +/+ TG neurons and in TRPV1 +/+ DRG and TG neurons ( Figure 7D ). Sensory neurons from Trpm3 À/À mice showed a moderate but significant reduction in the heat sensitivity, with 59% of DRG neurons (129/217; p < 0.001) and 63% of TG neurons (150/236; p < 0.001) responding to a 43 C heat stimulus ( Figures 7B-7D ). In particular, the subgroup of heat-sensitive neurons responding to PS but not to capsaicin was strongly reduced in the Trpm3 À/À mice ( Figures   7B-7D ). For comparison, we also analyzed heat, PS, and capsaicin sensitivity in neurons isolated from Trpv1 À/À mice.
Here, we found that 60% of DRG neurons and 62% of TG neurons responded to heat ( Figures 7C and 7D) . The large majority of heat-sensitive Trpv1 À/À neurons also responded to PS (10 mM) application ( Figures 7C and 7D ). To further dissect the relative contribution of TRPM3 and TRPV1 to heat sensitivity of sensory neurons, we investigated the effect of the selective TRPV1 antagonist AMG 9810 (Figures S8A and S8B ; Gavva et al., 2005) Figure S8C ). However, we still observed a substantial fraction of heat-responsive cells after treatment of Trpm3 À/À neurons with AMG 9810 ( Figure S8C ). Taken
together, these experiments demonstrate that both TRPV1 and TRPM3 contribute to heat responses in DRG and TG neurons, but also indicate the existence of TRPV1-and TRPM3-independent heat sensing mechanisms in sensory neurons. Figure 8A and Movie S2). The delayed response was not a consequence of overall slower reactivity of the mouse-tail, as Trpm3 À/À mice exhibited a normal response delay to mechanical stimuli (tail clip assay; Figure 8C ). Trpm3 À/À and Trpm3 +/+ mice were also indistinguishable in their response to intense tail pinching, with response delays <1 s for both genotypes (n = 9). In the hot plate assay, Trpm3 À/À mice exhibited normal latencies at a plate temperature of 50 C, but responded with a significantly longer delay at temperatures between 52 C and 58 C (Figure 8B) . To exclude a possible interference of the heterogenous genetic background of the Trpm3 +/+ and Trpm3 À/À littermates on the behavioral response to thermal stimuli (Mogil et al., 1999) , we repeated the tail immersion assay using age-matched 129SvEvBrd and C57BL/6J mice. The response latencies of mice of both strains were comparable to those of the Trpm3 +/+ mice and significantly faster than those of Trpm3 À/À mice ( Figure S5C ).
We also compared the thermal preference of Trpm3 +/+ and Trpm3 À/À mice when allowed to move freely for 2 hr on a flat rectangular platform with a surface temperature gradient of 5 C to 60 C along the length (Lee et al., 2005; Moqrich et al., 2005) . We observed that over the entire duration of the assay Trpm3 +/+ and Trpm3 À/À mice showed a very similar behavior, and spent most of the time in the temperature zone between 27 C and 31 C ( Figures 8D and S6 ). However, when analyzing the first 30 min, which mainly corresponds to the period of exploration (Moqrich et al., 2005) , Trpm3 À/À mice spent significantly more time at temperatures between 31 C and 45 C than control animals ( Figure 8E ). Both genotypes covered a similar distance on the platform and had a comparable time of inactivity, suggesting that TRPM3 deficiency does not influence exploratory behavior. These results indicate that Trpm3 À/À mice have the same thermal preference as Trpm3 +/+ animals, but exhibit a reduced avoidance to higher temperatures. This was confirmed in two-plate preference tests ( Figure 8F ), where Trpm3 À/À mice exhibited a reduced preference for the 30 C plate over warmer plates (38 C and 45 C) , but unaltered avoidance of the cold temperature (15 C). Taken together, our data indicate that TRPM3 is specifically required for heat sensation.
To investigate a potential role of TRPM3 in temperature homeostasis, we compared the effect of subcutaneous injections of PS and capsaicin in Trpm3 +/+ and Trpm3 À/À mice ( Figure S10 ). Capsaicin evoked clear hypothermia in both Neuron TRPM3 Is a Sensor of Noxious Heat genotypes, in line with previous work (Caterina et al., 2000) . In contrast, PS was without effect on core body temperature, in spite of clear nociceptive behavior in the Trpm3 +/+ mice.
Finally, we investigated whether TRPM3 may be involved in the involvement of thermal hyperalgesia during inflammation. In line with previous work, we found that injection of complete Freund's adjuvant (CFA) in the hindpaw of Trpm3 +/+ mice results in a strong sensitization to hot and cold stimuli, as evidenced by a reduced withdrawal latency on the hot plate assay and stronger nocifensive behavior on the cold plate ( Figures 8G  and 8H) . Surprisingly, whereas Trpm3 À/À mice developed similar signs of cold hyperalgesia, CFA injection did not alter their hot plate withdrawal latency ( Figures 8G and 8H ). These data indicate that Trpm3 À/À mice have a strong deficit in the development of heat hyperalgesia, similar to what has been reported for TRPV1-deficient mice (Caterina et al., 2000; Davis et al., 2000) .
DISCUSSION
The first characterization of Trpv1 À/À mice, about one decade ago, not only provided conclusive evidence for the crucial role of TRPV1 in noxious heat detection, thermal hyperalgesia, and pain, but also indicated the existence of additional noxious heat sensors in sensory neurons (Caterina et al., 2000; Davis et al., 2000) . Since then, the role of different thermosensitive TRP channels in the detection of cold and warm temperatures has been well established. Yet, the molecular basis of TRPV1-independent noxious heat sensing remained fully elusive. Before the current study, several other heat-activated TRP channels had been identified, but none of them was shown to function as a heat sensor in sensory neurons. Here, we identified TRPM3 as a noxious heat sensor expressed in a large subset of small-diameter sensory neurons and demonstrate that it plays an unanticipated role in noxious heat sensing. Whereas TRPM3 and TRPV1 share only limited sequence homology, our present results reveal a surprising functional similarity: both form heatactivated, calcium-permeable cation channels, both are functionally expressed in a large proportion of small-diameter sensory neurons, both are involved in the nociceptive behavioral responses to chemical ligands and noxious heat, and both are required for the development of heat hyperalgesia following an inflammatory challenge. Percentage of time mice spent on Side I. *p < 0.05; **p < 0.01 (two-sample t test). Data are represented as mean ± SEM. (G and H) Change in hot plate latency (G) and cold plate response (H) 24 hr after interplanetary CFA injection in Trpm3 +/+ (black) and Trpm3 À/À (gray) (n = 6 for each genotype; **p < 0.01 for vehicle versus CFA injection; two-sample t test).
Neuron
TRPM3 Is a Sensor of Noxious Heat
Previous work indicated TRPM3 expression, at the mRNA level and/or protein level, in various tissues, including brain, kidney, endocrine pancreas, vascular smooth muscle, and sensory neurons (Grimm et al., 2003; Lechner et al., 2009; Lee et al., 2003; Naylor et al., 2010; Nealen et al., 2003; Oberwinkler et al., 2005; Oberwinkler and Philipp, 2007; Staaf et al., 2010; Wagner et al., 2008) . Reported in vitro TRPM3-activating stimuli included hypotonic cell swelling, internal Ca 2+ store depletion, D-erythro-sphingosine, and PS (Grimm et al., 2003 (Grimm et al., , 2005 Lee et al., 2003; Wagner et al., 2008) . With the use of PS, which is currently the most potent and selective available pharmacological tool to probe for biological roles of TRPM3 (Wagner et al., 2008) , evidence has been provided suggesting functional expression of the channel in pancreatic beta cells and vascular smooth muscle (Naylor et al., 2010; Wagner et al., 2008) . However, the actual stimuli that regulate TRPM3 activity in vivo and the physiological roles of TRPM3 remained largely unknown. In this work, we provide the first description of Trpm3 À/À mice, which will form a firm basis for further investigation of the biological roles of TRPM3. Trpm3 À/À mice exhibited no obvious deficits in fertility, gross anatomy, body weight, core body temperature, locomotion, or exploratory behavior. With respect to the proposed role of TRPM3 in insulin release, we also did not find differences in resting blood glucose, suggesting that basal glucose homeostasis is not critically affected. Thus, Trpm3
À/À mice appear generally healthy, with no indications of major developmental or metabolic deficits. In addition, several behavioral aspects related to somatosensation and nociception were unaltered in the Trpm3 À/À mice, including the avoidance of cold temperatures and the nocifensive response to mechanical stimuli or capsaicin injections. We found, however, significant and specific deficits in the nocifensive responses to TRPM3-activating stimuli. First, we confirmed and further substantiated an earlier study showing that injection of PS elicits pain in mice (Ueda et al., 2001 
Trpv1
À/À mice indicates the existence of at least four distinct subsets of heat-sensitive neurons. The largest subset encompasses heat-sensitive neurons that responded to both PS and capsaicin, suggesting coexpression of TRPV1 and TRPM3. In addition, we identified heat-sensitive neurons that responded to capsaicin but not to PS (TRPV1-expressing), or to PS but not to capsaicin (TRPM3-expressing). Finally, a fraction of heat-activated neurons was unresponsive to both PS and capsaicin, indicating the existence of a TRPM3-and TRPV1-independent heat-sensing mechanism. In line herewith, we observed a substantial fraction of heat-sensitive cells after pharmacological inhibition of TRPV1 in DRG and TG preparations from Trpm3 À/À mice. Moreover, Trpm3 À/À mice treated with a selective TRPV1 antagonist still responded to noxious heat, albeit with increased latency. The molecular and cellular mechanisms underlying this residual thermosensitivity are currently unknown. How does the heat sensitivity of TRPM3 compare to that of TRPV1 and other thermosensitive TRP channels? From the temperature-induced change in inward TRPM3 current, we determined a maximal Q 10 value of $7, which is comparable to the Q 10 values between 6 and 25 that have been reported for other heat-activated TRP channels, including TRPV1-TRPV4, TRPM2 and TRPM5 (Caterina et al., 1997 (Caterina et al., , 1999 Gü ler et al., 2002; Peier et al., 2002b; Smith et al., 2002; Talavera et al., 2005; Togashi et al., 2006; Watanabe et al., 2002) . Our analysis of the thermodynamic parameters associated with channel gating further indicated that the temperature dependence of TRPM3 activation is shifted to higher temperature compared with TRPV1. It should be noted, however, that the thermal threshold for heat-or cold-induced action potential initiation in a sensory nerve will not only depend on the thermal sensitivity of the depolarizing thermosensitive (TRP) channels, but also on their expression levels at the sensory nerve endings and on the relative amplitude of other conductances, in particular voltagegated Na + channels and various K + conductances (Basbaum et al., 2009; Madrid et al., 2009; Noë l et al., 2009; Viana et al., 2002) . In addition, the thermal sensitivities of TRP channels are known to be modulated by various intra-and extracellular factors (Basbaum et al., 2009; Damann et al., 2008) . In this respect, we found a prominent enhancement of the heat sensitivity of TRPM3 by the neurosteroid PS. In particular, our data indicate strong synergism between heat and PS at concentrations between 100 and 1000 nM, which is well within the range of plasma PS levels measured in adult humans (0.1-0.8 mM Havlíková et al., 2002) . Plasma PS levels can rise to supramicromolar concentrations during parturition and under various pathological conditions but also decreases with aging (Havlíková et al., 2002; Hill et al., 2001; Schumacher et al., 2008) , which may further influence heat sensitivity and pain through TRPM3. Clearly, further study is needed to elucidate the in vivo interplay between neurosteroid production and TRPM3 activity in normal and pathological conditions.
In conclusion, we have identified TRPM3 as nociceptor channel involved in acute heat sensing and inflammatory heat hyperalgesia, and thus as a potential target for analgesic treatments.
EXPERIMENTAL PROCEDURES Cells
Human embryonic kidney cells, HEK293T, were grown in Dulbecco's modified Eagle's medium (DMEM) containing 10% (v/v) human serum, 2 mM L-glutamine, 2 units/ml penicillin, and 2 mg/ml streptomycin at 37 C in a humiditycontrolled incubator with 10% CO 2 . HEK293T cells were transiently transfected with murine TRPM3a2 (accession number AJ 544535) in the bicistronic pCAGGS/IRES-GFP vector, using Mirus TransIT-293 (Mirus corporation; Madison, WI, USA). Transfected cells were visualized by green fluorescence protein (GFP) expression, whereas GFP-negative cells from the same batch were used as controls. TG and DRG neurons from adult (postnatal weeks 8-12) male mice were isolated as described previously (Karashima et al., 2007) . HEK293T cells stably transfected with TRPM3a2 were developed using the Flp-In System (Invitrogen). Quantitative-PCR Total RNA from freshly isolated DRG and TG tissues was extracted with the RNeasy mini kit (QIAGEN) and subsequently served for cDNA synthesis using Ready-To-Go You-Prime first-strand beads (GE Healthcare). Triplicate cDNA samples from each independent preparation (n = 3) were analyzed by quantitative real-time polymerase chain reactions (qPCR) in the 7500 Real-Time PCR system (Applied Biosystems) using specific TaqMan gene expression assays for Trpa1, Trpm3, Trpm8, Trpv1, Trpv2, Trpv3, and Trpv4 (Applied Biosystems) . Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and b-actin were used as endogenous controls (Applied Biosystems). Trpv1 mRNA was used as a calibrator for relative quantifications of detected mRNA signals.
Protein Extraction and Immunodetection
Proteins from freshly isolated brain, DRG, and TG tissues of wild-type and Trpm3 À/À mice were lysed in 3 ml ice-cold lysis buffer (50 mM Tris [pH 7.5], 10 mM KCl, 1.5 mM MgCl 2 , 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride [PMSF] , and a protease inhibitors' cocktail [10 mg/ml leupeptin and antipain, 2 mg/ml chymostatin and pepstatin]) using the Polytron homogenizer (Kinematica AG, Switzerland). Obtained homogenates were centrifuged at 4000 3 g for 15 min to remove nuclei, mitochondria, and any remaining large cellular fragments. Precleared supernatants were ultracentrifuged at 100000 3 g for 1 hr. Pellets containing total membrane fractions were solubilized in a cold phosphate-buffered saline (PBS; 10 mM phosphate buffer[ pH 7.4], 137 mM NaCl, 2.7 mM KCl) containing 1% Triton X-100, 0.25% sodium dodecyl sulfate (SDS), 1 mM PMSF, and a protease inhibitors' cocktail. Protein concentrations were determined by the bicinchoninic acid assay method, using bovine serum albumin (BSA) as a standard. Samples (30 mg) were subjected to SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and subsequent transfer to a polyvinylidene fluoride (PVDF) membrane (Bio-Rad, USA) as previously described (Vriens et al., 2005) . Respective proteins were detected with purified monoclonal rat anti-TRPM3 (1: 600 dilution) (Wagner et al., 2008) and monoclonal mouse anti-Na + /K + ATPase (1: 5000 dilution) (Abcam, UK) antibodies.
Immunoreactive complexes were visualized by chemiluminescence, using anti-rat IgG (Sigma, USA) or anti-mouse IgG (GE Healthcare) antibodies conjugated to horseradish peroxidase (1: 40000 and 1: 5000 dilutions, respectively).
Determination of Blood Glucose
Blood samples were collected via tail bleeding. Glucose levels were measured via the ACCU-CHEK Aviva blood glucose meter (Roche Diagnostics).
PhysioTel Telemetry System
An ETA-F10 Transmitter (DSI, Minneapolis, MN, USA) was implanted in the abdominal cavity (intraperitoneally) of an adult (postnatal weeks 10-12) male mice. Three weeks after surgery mice were recovered and used to perform experiments. Data were collected using DSI Dataquest A.R.T. system (DSI). Body core temperature, heart rate, and ECG were sampled every 2 s. Vehicle, pregnenolone sulfate, and capsaicin were subcutaneously injected (200 ml) at the indicated concentrations.
In Situ Hybridization
Trigeminal ganglia (TG) and dorsal root ganglia (DRG) tissues from Trpm3
and Trpm3 À/À mice were dissected and snap-frozen in the KP-CryoCompound medium (Klinipath, the Netherlands). Twenty micrometer thick cryostat sections were processed and probed with digoxigenin (DIG)-labeled sense and antisense RNA probes. The RNA probes were generated by SP6/T7 in vitro transcription reactions (Roche Diagnostics), using cDNA fragments of Trpm3 (accession number AJ 544535, 348 base pairs [bp] between nucleotides 1531 and 1879), Trpv1 (accession number NM_001001445, 346 bp between nucleotides 1157-1503). Hybrid molecules were detected with alkaline phosphatase-conjugated anti-DIG Fab fragments according to the manufacturer's instructions (Roche Diagnostics).
Electrophysiology and Intracellular Ca 2+ Assays
Whole-cell membrane currents were measured with an EPC-10 (HEKA Elektronik, Lambrecht, Germany). The sampling rate was 20 kHz and currents were digitally filtered at 2.9 kHz. For recordings on HEK293T cells, the extracellular solution contained (in mM) 138 NaCl, 5.4 KCl, 2 MgCl 2 , 2 CaCl 2 , 10 glucose, 10 HEPES (pH 7.2 with NaOH), and the pipette solution contained (in mM) 100 CsAsp, 45 CsCl, 10 EGTA, 10 HEPES, 1 MgCl (pH 7.2 with CsOH). For recordings on sensory neurons, the extracellular solution contained (in mM) 140 NaCl, 4 KCl, 2 MgCl 2 , 100 nM TTX, 10 TRIS (pH 7.4 with HCl), and the pipette solution contained (in mM) 140 CsCl, 0.6 MgCl 2 , 1 EGTA, 10 HEPES, 5 TEA (pH 7.2 with CsOH). To determine the I-V relationship of PS-induced currents in neurons, all measurements were performed under monovalent free extracellular conditions in order to suppress other cationic conductances present in DRG neurons. The extracellular solution contained in mM 2 CaCl 2 , 2 MgCl 2 , 10 HEPES, 280 D-Mannitol (pH 7.2 with NMDG). Fura-2-based ratiometric intracellular Ca 2+ measurements were performed as described previously (Vriens et al., 2007) . The following procedure was used to distinguish stimulus-induced responses from background variations in fluorescence. First, we calculated the time derivative of the fluorescence ratio (dRatio/dt), and the standard deviation (SD) of dRatio/dt in the absence of any stimulus. A positive response was noted when a stimulus caused an increase of dRatio/dt exceeding 5 3 SD. Nonresponsive neurons that also failed to response to 50 mM K + were discarded from analysis. For every condition, a minimum of 100 cells derived from at least three separated isolations and in at least twelve independent measurements were analyzed.
To determine an average temperature-response relation for TRPM3, we also used a fluo-4-based assay using 96-well plates and the 7500 Real-Time PCR system (Applied Biosystems). HEK293T cells stably expressing murine TRPM3a2 ( Figure S1B ) or nontransfected HEK293T cells were loaded with Fluo-4-AM for 30 min, trypsinized, centrifuged, resuspended in a solution containing (in mM) 150 NaCl, 6 KCl, 2 MgCl 2 , 2 CaCl 2 , and 10 HEPES (pH 7.4 with NaOH) and transferred to a 96-well plate (at 15,000-25,000 cells/well; 50 ml). When indicated, PS (10 mM) was added to the wells. Fluo-4 fluorescence was measured while the well temperature was raised from 16
C to 43 C in 3-degree steps. Background-subtracted fluorescence signals were used to calculate temperature-induced changes in fluorescence as DF/F 16 o C , where F 16 o C is the background corrected fluorescence at 16 C and DF = FÀ F 16 o C .
The neurosteroids pregnenolone sulfate, progesterone, and the TRPV1 activator capsaicin (all Sigma) were applied at indicated concentrations from a respectively 100 mM, 250 mM, and 10 mM stock solution in DMSO.
Behavior Hindpaw injections, drinking tests, thermal gradient tests, temperature choice tests, hot plate, cold plate, tail clip, and tail immersion assays were performed as previously described (Cao et al., 1998; Caterina et al., 2000; Karashima et al., 2009; Moqrich et al., 2005) . To evoke inflammatory hyperalgesia, Complete Freund's Adjuvant (CFA, Sigma) (50 ml) was injected intraplantarly in both hindpaws 24 hr before behavioral testing. Corn oil was used as vehicle control. To obtain pharmacological inhibition of TRPV1, AMG 9810 (Tocris Bioscience) dissolved in DMSO was injected i.p. at 3 mg/kg during consecutive 7 days (Gavva et al., 2005 (Gavva et al., , 2007 . DMSO was used as vehicle control.
All animal experiments were carried out in accordance with the European Union Community Council guidelines and were approved by the local ethics committee.
Data Analysis
Electrophysiological data were analyzed using FITMASTER (HEKA Elektronik, Germany) and WinASCD software (Guy Droogmans, Leuven). Origin 7.1 (OriginLab Corporation, Northampton, MA, USA) was used for statistical analysis and data display. The parameters for the two-state model were determined from a global fit of simulated whole-cell currents to experimental currents measured during voltage steps at different temperatures ( Figure 5 ), using homemade routines in Igor Pro 5.0 (Karashima et al., 2009; Voets et al., 2004 Voets et al., , 2007 . We assumed a linear single channel conductance with a Q 10 value of 1.35. Pooled data of continuous parameters are expressed as mean ± SEM, and Student's unpaired, two-tailed t test was used for statistical comparison between groups. Fisher's exact test was used to detect statistical differences in the fraction of responders between genotypes. p < 0.05 was considered statistically significant.
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